Objective-The purpose of this study was to investigate the role of Fat4 and Dachsous1 signaling in the lymphatic vasculature. 
M utations in DCHS1 (Dachsous1) and FAT4 have been identified as the cause of Van Maldergem syndrome, which include a combination of craniofacial, limb, and skeletal anomalies. 1, 2 Recently, mutations in FAT4 gene were associated with inherited lymphedema with an overlapping phenotype with Van Maldergem syndrome, 3 yet the role of Fat4 and Dchs1 in lymphatic development is unknown.
Fat4 and Dchs1 encode large protocadherins, which act as receptor-ligand pair to regulate 2 distinct downstream signaling events: planar cell polarity (PCP) and Hippo pathway. PCP signaling coordinates collective cell movement within a tissue by regulating cell division orientation, intercalation, or rearrangement of cell-cell junctions. 4 Fat4 and Dchs1 mouse mutants exhibit similar defects in the development of the inner ear, kidney, and neural tube consistent with impaired PCP signaling. [5] [6] [7] In the vasculature, PCP signaling was shown to specifically regulate rearrangement of valve endothelial cells (VECs) during lymphatic valve formation. 8 Here, we provide functional evidence that the atypical cadherins Fat4 and Dchs1 control the polarization of VECs and are required for proper formation of lymphatic valves.
Materials and Methods
Materials and Methods are available in the online-only Data Supplement.
Results
PCP signaling regulates rearrangement of VECs during lymphatic valve formation. 8 Therefore, we postulate that Fat4-Dchs1 signaling plays a role in lymphatic valve morphogenesis, and a defect in this process may contribute to lymphedema seen in Hennekam syndrome. 3 We first analyzed the lymphatic vasculature in embryonic skin using Neuropilin 2 and Prox1 (prospero homeobox protein 1) immunostaining in Dchs1 and Fat4 knockout mice. The lymphatic vasculature is well developed, suggesting that the lack of Dchs1 or Fat4 expression does not affect lymphatic sprouting and growth ( Figure We next wondered how Dchs1 could modulate cell polarization during valve formation. Although cell-cell junction organization and Celsr1-core PCP protein expression are not disturbed in mutant mice, only weak staining was observed for FnEIIIA (fibronectin EIIIA) and integrin-α9, suggesting that cell migration defect observed in Dchs1-deficient mice is partially because of a
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Discussion
The phenotypic analysis of lymphatic vasculature in Fat4-and Dchs1-deficient mice uncovered a specific requirement of these genes in lymphatic and cardiac valve morphogenesis. Given the identification of mutation in FAT4 gene in an inherited lymphedema, 3 our findings strongly suggest that abnormalities in or absence of lymphatic valves contribute to lymphatic dysfunction. Mutation in core-PCP gene Celsr1 has been recently associated to lower extremity lymphedema 9 and valve defects in mice models 8 further supporting that lymphatic valve defects may be sufficient to generate lymphedema in patients. In addition, mutations in DCHS1 gene were recently linked to mitral valve prolapse in patients. 10 Our study also showed that Fat4 and Dchs1 participate in mitral valve development, indicating that Fat4 and Dchs1 are critical regulators of valve morphogenesis.
Fat4/Dchs1 and core-PCP mouse mutants display similar defects in the reorientation of VECs, yet both may act independently to polarize VECs. Dchs1 localizes specifically to intercellular junctions in between VECs and showed a polarized pattern during valve formation. In addition to cell shape and polarity changes, 8 VECs exhibit dense actin networks where contractile actin fibers are oriented to the direction of cell migration. This observation is consistent with the idea that changes in cell-cell tension and cell adhesion promote their collective migration and segregation. [11] [12] [13] Notably, Dchs1/Fat4 signaling modulates junctional tension 11 raising the possibility of a direct role of Dchs1 on actin remodeling during valve formation. Collectively, our work provides evidence that Dchs1/Fat4 signaling directs the polarized cell migration of VECs during valve morphogenesis.
